The invention of lasers 60 years ago is one of the greatest breakthroughs in modern optics. Throughout the years, lasers have enabled major scientific and technological advancements, and have been exploited in numerous applications due to their advantages such as high brightness and high coherence. However, the high spatial coherence of laser illumination is not always desirable, as it can cause adverse artifacts such as speckle noise in imaging applications. To reduce the spatial coherence of a laser, novel cavity geometries and alternative feedback mechanisms have been developed. By tailoring the spatial and spectral properties of cavity resonances, the number of lasing modes, the emission profiles and the coherence properties can be controlled. This technical review presents an overview of such unconventional, complex lasers, with a focus on their spatial coherence properties. Laser coherence control not only provides an efficient means for eliminating coherent artifacts, but also enables new applications.
Introduction

Conventional lasers and coherence properties
Lasers have been widely used in industry, medicine and other areas of contemporary life, because of their high brightness, high coherence, high efficiency and good spectral control. The essential elements of a laser are a material that amplifies light through stimulated emission (the gain medium) and a cavity that traps light in the gain medium to enable more efficient amplification 1 . The gain medium is pumped electrically, by a current source, or optically, by a flash lamp or another laser source. Figure 1 shows a common Fabry-Pérot (FP) laser cavity, consisting of two mirrors that face each other on either side of the gain medium 1 . Light bouncing back and forth between the mirrors is amplified each time it passes through the gain medium. A portion of the light leaves the cavity through one of the mirrors that is partially transmitting, producing an output beam. The resonance condition in such a cavity defines the longitudinal and transverse quantum numbers for a mode, which are equal to the numbers of field nodes in the longitudinal (perpendicular to mirrors) and transverse (parallel to mirrors) directions. Typically, the distance between the mirrors is much larger than the lateral dimension of the mirrors, thus modes propagate predominantly in the longitudinal direction, making the longitudinal quantum number much larger than the transverse one.
The lasing threshold is the pump power at which light amplification compensates the loss due to cavity leakage and material absorption. The light leakage from the cavity is characterized by the quality (Q) factor, which is proportional to the photon lifetime in the cavity. In a FP cavity, the Q factor of a resonance is nearly independent of the longitudinal quantum number but decreases with the transverse one. Hence, the lower-order transverse modes have lower thresholds and lase first at lower pump power. They will saturate the optical gain, especially for a homogeneously broadened gain spectrum, and prevent the higher-order modes from lasing at higher pump powers.
A key property of laser emission is its high degree of coherence 2 . The first-order coherence describes correlations of electric field E in space and time 3 . The degree of coherence is given by , , |〈 * , , 〉| 〈 * , , 〉 ⁄ 〈 * , , 〉 ⁄ where 〈… 〉 denotes averaging over time t. Specifically, the temporal coherence describes the correlation of fields at the same location ( ) but different time, while the spatial coherence describes the correlation of fields at the same time ( 0) but different locations. The width of gives the coherence time, which is inversely proportional to the spectral width of the laser emission. In a FP cavity, only a few transverse modes lase, thus the spatial coherence is high. Note that the spatial coherence is independent of the number of longitudinal modes with identical transverse structure that lase. One way of reducing the spatial coherence is to increase the number of transverse lasing modes. An alternative way is to break the separability into longitudinal and transverse modes so that all lasing modes have distinct emission profiles.
High spatial and temporal coherences are not exclusive to lasers. Spatial or spectral filtering of spontaneous emission from a lamp can greatly improve spatial or temporal coherence. A fundamental difference between a laser and a lamp lies in the quantum statistical properties of their emission. On the time scale shorter than the characteristic time that is given by the inverse of the spectral bandwidth, laser light features Poissonian photon statistics, while the thermal light features Bose-Einstein statistics. More specifically, the statistical distribution of the photon number m in a single electromagnetic mode satisfies the Poisson distribution 〈 〉 〈 〉 ! ⁄ for laser light, and the Bose-Einstein distribution 〈 〉 1 〈 〉 ⁄ for thermal light, where 〈 〉 is the average photon number. The normalized second-order correlation coefficient, 〈 〉 〈 〉 ⁄ , quantifies the photon number fluctuations. In a laser, optical gain saturation suppresses intensity fluctuations of the emission, reducing the value of and enhancing the second-order coherence.
Coherent artifacts
A laser with high spatial coherence can generate a directional light beam with small divergence, and the beam can be focused to a diffraction limited spot. Unfortunately, high spatial coherence also causes deleterious effects such as coherent artifacts and cross-talk in full-field imaging and displays 4 . The most common manifestation of coherent artifacts is speckle noise 5 . A rough object or scattering environment introduces random phase delays among mutually coherent photons that interfere to produce a random grainy pattern 6 . In addition to parallel imaging and display applications, the coherent artifacts pose serious problems for laser applications in material processing, photolithography, holography, and optical trapping of cold atoms and colloidal particles.
To avoid coherent artifacts, incoherent sources such as lamps and light-emitting diodes (LEDs) are still used for most full-field imaging and display applications, in spite of having lower power per mode, poorer collection efficiency, and less spectral control than lasers. The power limitations are particularly problematical in imaging applications that involve absorbing or scattering media, prompting the use of raster-scanning modalities in laser-based imaging systems. However, scanning is time consuming and thus not suitable for imaging of moving objects or transient processes. While parallel imaging can have high speed, it requires an illumination source with high power and low coherence.
Since speckle results from high spatial coherence, the most effective way of suppressing speckle is reducing the spatial coherence of a laser. The common approach resorts to techniques based on, e.g., spinning diffusers 7 , colloidal solutions 8 , or micro-electromechanical mirrors 9 . These techniques integrate over many uncorrelated speckle patterns in time, therefore requiring a relatively long integration time.
Another approach to suppress speckle is to exploit the low temporal coherence of broadband sources such as superluminescent diodes (SLDs) and supercontinuum sources. However, speckle suppression is less effective with low temporal coherence than with low spatial coherence, as illustrated in Fig. 2 . Moreover, this approach cannot be adopted for applications that rely on narrowband lasers such as deep UV photolithography with excimer lasers.
Although various techniques have been developed over the years to reduce coherence artifacts, they are mostly applied outside the lasers themselves. Such approaches can be summarized as first making a laser with high spatial coherence, then reducing its coherence. An alternative approach, which would be more efficient, is to directly create a laser with low spatial coherence. Furthermore, the ability of tuning the spatial coherence of a laser will enable new applications as described below. 
Lasers with low or tunable spatial coherence
Random lasers
Unlike conventional lasers that utilize mirrors or periodic structures to trap light, a random laser relies on light scattering in a disordered gain medium for optical feedback and confinement [11] [12] [13] . It has been implemented in various material systems, including powders 14 , polycrystalline films 15 , colloids 16 , polymers 17 , optical fibers 18 and organic materials 19 . The lasing frequencies range from ultraviolet 20 and visible 21 to infrared 22 and terahertz 23 .
In a gain medium that consists of numerous scattering centers (Fig. 3a) , the spontaneously emitted photons will be scattered many times and undergo a 'random walk'. Multiple scattering increases the path length of photons in the gain medium, thus enhancing the stimulated emission of photons that amplifies light 26, 27 . Furthermore, the scattered waves may return to spatial positions they have visited before, providing feedback for lasing oscillation [28] [29] [30] . Experimentally, random lasing has been realized with both strong and weak scattering systems. The weaker the scattering, the higher the lasing threshold 31 .
Most random lasers operate in the highly multimode regime. Individual lasing modes, formed by interference of scattered waves, have distinct frequencies and spatial structures 32, 33 . The spatial distribution of field intensity for a lasing mode in a 2D diffusive medium 24 is plotted in Fig. 3b . When a large number of modes lase simultaneously with uncorrelated phases, their distinctly Figure 3 : Spatial coherence of random lasers. a, Schematic of multiple scattering and stimulated emission of photons in a random medium. The black circles denote scattering centers, and the orange dots are excited atoms. b, Calculated spatial intensity distribution of a lasing mode in a 2D disordered structure. c-h, Experimental data for random lasers (colloidal solution with dye molecules pumped optically) in the weak (c,e,g) and strong (d,f,h) scattering regimes. c,d, Sideview images of the excitation volume. e,f, Normalized emission spectra for a single pump pulse with twice the lasing threshold energy. g,h, Far-field patterns of random laser emission through a double slit. The interference fringes with high contrast in g indicate the random laser in the weak scattering regime has high spatial coherence, while the lack of interference fringes in h reveals that the random laser in the strong scattering regime has low spatial coherence. Panel b adapted from Ref. 24 , panels c-h adapted from Ref. 25 . speckled wavefronts combine incoherently to produce emission with low spatial coherence 34 . In stark contrast to the previous schemes of reducing the spatial coherence of a conventional laser by summing uncorrelated speckle patterns created sequentially by a time-varying scattering system (such as a spinning diffuser), the scatterers can be directly added into the laser cavity to simultaneously generate many distinct speckle patterns, each from a different lasing mode, to lower the spatial coherence. Furthermore, the number of the random lasing modes and their characteristic are dictated by the scattering length of the random medium ( Fig. 3c-h ) as well as the size and shape of the excitation volume. Thus the spatial coherence of random lasers can be tuned continuously by varying the density of scatterers or the pump beam profile 25 .
Like a conventional laser, the temporal coherence of a random laser is determined by the spectral bandwidth of the emission 35, 36 . The photon statistics of a random laser is more complex than that of a conventional laser 37 . Well above the lasing threshold, gain saturation quenches the fluctuation of the total photon number in all lasing modes 38, 39 , but strong mode coupling can cause photon number fluctuations in individual modes [40] [41] [42] . In strong scattering systems, the coupling of lasing modes is reduced, and the photon number fluctuation in each mode can be quenched by gain saturation well above the threshold 43, 44 .
Chaotic microcavity lasers
While the ray dynamics in conventional laser cavities such as the FP cavity is regular, cavities with complex geometries can exhibit chaotic ray dynamics 45 . Nevertheless, the modes of the passive resonators are given by a linear wave equation, and hence cannot exhibit chaos in the sense of an exponential sensitivity to the initial conditions. Instead, the chaotic ray dynamics is manifested in the properties of the modes 46 , leading to qualitatively different spectral properties and spatial mode structures compared to cavities with regular ray dynamics. For example, the modes have nondegenerate frequencies, and their field distributions typically have a pseudo-random, speckle-like structure in the case of chaotic ray dynamics 47 . Due to the non-separable geometry of chaotic cavities, the resonant modes can no longer be assigned longitudinal and transverse quantum numbers. Most studies on chaotic microcavity lasers concern the steady-state lasing properties such as output directionality, lasing threshold and emission spectrum 48 .
Here we focus on the spatial coherence of chaotic microcavity lasers. Let us consider a twodimensional (2D) circular cavity of radius R with a section removed along a straight cut at a distance r0 from the center of the circle. The ray dynamics in such a cavity, also called "D-shaped cavity", is chaotic 49 . A D-shaped dielectric disk supports a large number of resonances with relatively high but similar quality (Q) factors, which can hence lase with almost identical threshold 50 . Because their spatial profiles are spread over the entire cavity, their competition for gain is reduced as compared to whispering gallery modes that are concentrated near the boundary of, e.g., a circular cavity (Fig. 4) . Consequently, this cavity supports a large number of lasing modes. Optimizing the ratio ⁄ of the D-cavity can further reduce the difference in their lasing thresholds and minimize their competition for gain, thus maximizing the number of lasing modes. Experimentally it has been demonstrated that more than 1000 modes lase simultaneously and independently in a D-shaped GaAs microdisk 50 . This is in sharp contrast to a circular microdisk in which only a small number of extremely high-Q whispering gallery modes lase. Unlike the longitudinal modes of a FP cavity, all lasing modes in a D-shaped cavity have distinct emission profiles and thus all contribute to the reduction of spatial coherence of the emission. Resonant modes in 2D microcavities with regular or chaotic ray dynamics. a, Whispering gallery trajectory in a circular cavity staying close to the cavity boundary. b, c, Spatial intensity distributions of two whispering gallery modes in a circular dielectric disk that are confined to the disk boundary. d, A typical ray trajectory in a D-shaped cavity spreads over the entire cavity due to the chaotic ray dynamics. e,f, Spatial intensity distributions of two resonances in a D-shaped dielectric disk displaying a pseudo-random speckle-like structure.
Broad-area VCSELs and VCSEL arrays
Vertical-cavity surface-emitting lasers (VCSELs) have extremely short cavity lengths of the order of one wavelength, thus emitting in a single longitudinal mode 51 . For a small enough aperture diameter of a few micron, the VCSEL supports only the fundamental transverse mode with an output power up to 10 mW. To increase the power, broad-area VCSELs are developed, with aperture diameters up to 100 μm and CW output powers up to 100 mW. They operate with a multitude of higher-order transverse modes, resulting in spatially structured and more divergent far-field beam profiles [52] [53] [54] . The multi-transverse mode emission is accompanied by complex emission dynamics, which can be observed as a combination of spatio-temporal and polarization dynamics [55] [56] [57] .
When a broad-area VCSEL is driven by a short current pulse, the interplay between a rapid thermal chirp and the formation of a spatially distributed thermal lens causes the break-up of the global cavity modes 58 . The system becomes so unstable that no lasing modes can build up. Instead the VCSEL operates in a non-modal state with very low spatial coherence. Namely, it lases in a superposition of independent "coherence islands" with dimensions of a few micrometers instead of in cavity modes 59 . The spatial decoherence manifests itself in the formation of a Gaussian farfield intensity distribution. By tuning the pump pulse duration and amplitude, the spatial coherence of these VCSELs can be varied 60 . This provides a simple way to generate partially coherent, highly directional beams 61 , but it works only in the transient regime. An alternate device suitable for steady state operation is a 2D array of VCSELs. Since individual lasers are uncoupled and mutually incoherent, their combined emission has low spatial coherence 62 .
Degenerate cavity laser
A large number of transverse lasing modes can be obtained with a degenerate cavity, in which all transverse modes have identical Q factors 64, 65 . One example, shown in Fig. 5a , is a cavity comprised of two flat mirrors, in between which are two lenses in a 4f telescope arrangement. This constitutes a self-imaging system, which is a general property of all degenerate cavities. Namely, an arbitrary field distribution at any plane in the cavity is accurately imaged onto itself after one round trip. Therefore, any field distribution is an eigenmode of the cavity, and all (orthogonal) eigenmodes are degenerate. Since the lasing thresholds of the transverse modes are nearly identical, all transverse modes can lase simultaneously. The number of transverse lasing modes is given by the ratio of the gain medium cross-section over the diffraction limited area, which is determined by the smallest NA of the elements inside the cavity. Experimentally, more than 10 5 Figure 5 : Degenerate cavity laser with tunable spatial coherence. a, Schematic of a degenerate laser cavity in the self-imaging configuration. Light emitted from any point in the gain medium will be imaged back to itself after one round trip. A large number of independent transverse modes lase simultaneously and independently to produce low spatial coherence. b, Inserting an aperture in the mutual focal plane of the two lenses yields a single transverse mode emitting with high spatial coherence. c, Cavity Q-factors as a function of the Fresnel number (proportional to the aperture diameter) for a 1 m long degenerate cavity with an output coupler of 90% reflectivity. As the aperture size increases, additional transverse modes appear and their Q factors rise quickly to approach the value of existing modes. d, Measured output power as a function of the number of transverse modes in the degenerate cavity (solid blue line), compared to calculated output power vs. number of modes for a degenerate cavity laser (blue dashed line) and a stable hemispherical cavity (red dashed line). Panels a and b adapted from Ref. 63 . transverse modes lasing simultaneously has been realized in a degenerate solid-state laser, resulting in emission with extremely low spatial coherence 66 .
To tune the degree of spatial coherence, the number of transverse lasing modes can be varied by inserting a variable circular aperture in the mutual focal plane of the two lenses 66 . As shown in Fig. 5b , the aperture serves as a spatial filter that introduces loss to higher order transverse modes. When the aperture is sufficiently small, only the lowest-order transverse mode will lase. Since the spatial overlap of the lasing mode and the gain medium remains the same, the total power extracted from the gain medium is nearly unchanged. By decreasing the size of the aperture, the number of transverse lasing modes can be reduced from 320,000 to 1, while the output power decreases by less than 50%. The remarkable efficiency of redistributing energy over 10 5 transverse modes is unique for the degenerate cavity laser, and not possible with conventional laser resonators (Fig.  5d) . Thanks to the self-imaging characteristic, the lasing modes can have arbitrary transverse profiles. Thus there is no inherent mode size, allowing the laser to adopt any mode size dictated by the aperture. For conventional laser resonators, however, the characteristic mode size is dictated by the cavity geometry, thus spatial filtering inevitably introduces loss in all modes due to the inherent mismatch. Traditionally, the spatial coherence of emission is tuned via spatial filtering outside the laser cavity, but then the total power reduces linearly with the number of transverse modes, assuming all modes have equal power. Hence, spatial filtering outside the laser results in much lower efficiency than filtering inside a degenerate cavity.
A further manipulation of the spatial coherence properties is obtained by resorting to more sophisticated intra-cavity spatial filters (masks) in the degenerate cavity laser 67 . For example, a variable slit which enables independent control of the spatial coherence length in one coordinate axis without affecting that in the other axis; two pinholes, an annular band and an array of circular holes can generate cosine, Bessel and comb-like spatial coherence functions, respectively. In principle, arbitrary spatial coherence functions can be obtained with a degenerate laser without losing power.
Multimode fiber amplifier
High-power fiber laser amplifiers have been replacing conventional solid-state laser amplifiers in many applications because of their compactness, robustness, and high efficiency 68, 69 . While increasing the fiber core diameter allows scaling up the pulse energies and peak powers, it leads to a degradation of the output beam quality as multiple guided modes in a fiber compete for gain. The multimode nature of the fiber core can be mitigated by use of a mode-filtering effect in a coiled low-numerical-aperture fiber core, yielding a significant improvement in output-beam quality 70 . Alternatively, appropriate structuring of the seed beam wavefront can shape the light amplified by a multimode fiber 71 . Output beam narrowing and cleaning, as well as spatial and temporal focusing, are realized by adaptive control of the input wavefront 72 .
Without an external seed, a fiber amplifier produces amplified spontaneous emission (ASE). The ASE has a broad spectrum and low temporal coherence. The spatial coherence of ASE depends on the number of fiber modes. A single-mode fiber produces ASE with high spatial coherence, while a multimode fiber can greatly reduce the spatial coherence. The recently developed optical fiber with an extra-large mode area (XLMA) gain core supports numerous guided modes and produces ASE with low spatial coherence 73 . The end facets of the fiber are cleaved at an angle to minimize feedback which could lead to lasing, similar to a semiconductor-based super-luminescent diode (SLD). However, the ASE produced by a semiconductor SLD has relatively high spatial coherence, because it is based on one-dimensional waveguide that has a limited number of transverse modes 74 . The fiber is a waveguide with 2D cross section which supports many more guided modes. Furthermore, fiber bending and imperfections (fluctuations of the refractive index and variations of the fiber cross section) introduce random coupling among the modes, which tend to equalize the gain experienced by different modes. The reduction of mode-dependent gain in the multimode fiber favors highly multimode operation, leading to low spatial coherence. Therefore, a multimodefiber-based ASE source combines low temporal coherence with low spatial coherence 73 .
Applications of complex lasers
Speckle suppression
A fully developed speckle pattern satisfies Rayleigh statistics 75 . The intensity contrast 〈 〉 ⁄ is equal to 1, where is the standard deviation of the intensity and 〈 〉 is the average intensity. Summing the intensities of N uncorrelated speckle patterns reduces the contrast by a factor of √ . Experimentally, the observed speckle contrast depends on the exposure time of the detector. For example, let us consider a laser with N spatial modes, which are frequency degenerate. Each has a linewidth of , corresponding to a coherence time c = 1/. When illuminating a static scattering medium, each mode generates a distinct speckle pattern. If the exposure time is less than the coherence time, all modes are phase coherent with each other, and their scattered fields will add coherently to form a new speckle pattern with unity contrast. However, if the exposure time is much longer than the coherence time, the modes become mutually incoherent and their speckle patterns add in intensity, lowering the contrast to 1 √ ⁄ .
If the spatial modes are non-degenerate, their frequency difference will accelerate the dephasing.
Assuming the frequency spacing of spatial modes  exceeds their linewidth , they become mutually incoherent for an exposure time longer than 1/. Therefore, the spectral repulsion of lasing modes in a random medium 28 or a chaotic cavity 47 shortens the exposure time that is needed for speckle suppression.
In a degenerate cavity 10 , the frequency spacing between the longitudinal modes l is usually much larger than that of the transverse modes t. On the short time scale of 1/l, the coupling between the longitudinal modes and the transverse modes reduces the speckle contrast to 1 √ ⁄ , assuming the number of longitudinal modes M is less than the number of transverse modes N. On the long time scale of 1/t, the longitudinal modes no longer contribute to the speckle reduction, all transverse modes add incoherently and the speckle contrast becomes 1 √ ⁄ .
Typically, it is easier to manipulate the spatial coherence than the temporal coherence of a laser. The spatial coherence is determined by the number of spatial (transverse) lasing modes, which can be controlled by the cavity geometry and/or internal structure, while the temporal coherence is dictated by the emission bandwidth, which depends on the gain medium. Generally, the schemes for reducing the spatial coherence, as described in the previous section, are applicable to a variety of lasers that can operate at different wavelengths and with different gain materials. An alternative way of lowering the spatial coherence, which is applicable for a broadband source, is to transform temporal incoherence to spatial incoherence via spectral or spatial dispersion [76] [77] [78] .
Speckle-free imaging
The ability of a laser with low spatial coherence to suppress speckle noise directly translates to improved image quality, especially when imaging in a scattering environment 79 . Figure 6 shows examples of full-field imaging through a static scattering film of an Air Force test chart with four illumination sources. Under spatially coherent illumination with a conventional narrowband laser, interference among these scattered photons results in speckle that corrupts the image beyond recognition. Even though a broadband laser or an ASE source has relatively low temporal coherence, the speckle noise is still too large to resolve the features of the object. In contrast, when illuminating with a random laser of low spatial coherence, interference between scattered photons is prevented, leading to a uniform background level. Although the scattered photons that are mis- Figure 6 : Speckle-free full-field imaging. a, Schematic of the experimental setup to image an Air Force resolution test chart (AF) through a thin static scattering film (S). The scattering film is placed between the test chart and the objective (Obj) which images the test chart on the CCD camera. b-e, Images taken with four different illumination sources, a narrowband laser (b), a broadband laser (c), an ASE source (d), and a random laser (e). The first three sources have high spatial coherence, resulting in significant speckle noise, and the last one has low spatial coherence, yielding a speckle-free image. Figure adapted from Ref. 79 . mapped to what would otherwise be dark regions of the image increase the background level and lower the image contrast, the features of the object remain clearly visible. It has been shown in another experiment that even a narrow-band random laser, which has high temporal coherence, can provide speckle-free illumination for full-field imaging 80 .
The speckle noise depends not only on the coherence properties of the illumination source, but also on the imaging optics, including the ratio of the numerical aperture for observation to that for illumination 81 . Therefore, the degree of spatial incoherence of an illumination source that is needed to suppress speckle noise depends on the parameters of a specific application, such as the amount of scattering, the imaging resolution, etc. Consequently, a multimode laser can be designed to provide sufficiently low spatial coherence for speckle suppression, while maintaining relatively high power per mode as compared to existing spatially incoherent sources such as lamps and LEDs. For example, about 1000 spatial modes are enough to suppress speckle below the level observable by humans, but lamps and LEDs emit photons into far more modes, thus having lower brightness.
A quantitative measure of the source brightness is the photon degeneracy parameter , which gives the number of photons per coherence volume 2 . It is proportional to the spectral radiance, a radiometric measure of the amount of radiation through a unit area and into a unit solid angle within a unit frequency bandwidth. The values of  for random lasers and chaotic microcavity lasers are several orders of magnitude higher than those of lamps and LEDs
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. The greatly improved photon degeneracy allows much shorter exposure time and much higher speed for fullfield imaging of transient processes. For example, a random laser can be triggered to produce a short illumination flash at a well-defined delay time, providing uniform, speckle-free background illumination 82 . It enables time-resolved microscopy with an exposure time as short as 10 ns.
Spatial coherence gating
Confocal microscopy combines high spatial resolution with improved contrast and optical sectioning 83 . Traditional confocal microscopes rely on raster scanning, which limits image acquisition speed 84 . The most common approach to parallelization is using an array of spatially separated pinholes 85 . These pinholes must be sufficiently separated to prevent cross talk. An alternative approach to completely parallelize confocal image acquisition is to combine interferometric detection with spatial coherence gating 86 . In this approach, each spatial mode (defined by the spatial coherence area) acts as a virtual pinhole, since interference only occurs for light from a single spatial mode. Unlike physical pinholes, these virtual pinholes do not require physical separation to avoid cross talk, enabling parallel acquisition of an entire en face plane in a single snapshot without scanning. Although this type of microscope cannot be used for fluorescence imaging, it has the potential for high-speed, large-area reflectance imaging with confocal resolution and sectioning. However, it requires a light source that not only has low spatial coherence but also has sufficient power per mode. Fig. 7 shows an interferometric confocal microscope using an array of 1200 VCSELs coupled to a multimode fiber 87 . The interferometric detection, achieved with an off-axis holography technique, enables parallel acquisition of image information from 18,000 continuous virtual pinholes. The number of virtual pinholes is not limited to the number of emitters in the VCSEL array since these lasers are combined to eliminate cross talk through averaging, rather than as independent imaging channels. Instead, the number of virtual pinholes is limited by the number of resolvable elements provided by the microscope objective, which is determined by the field of view and the point spread function. The interferometric detection of low spatial coherence fields yields a coherent signal that is inherently confocal in the transverse plane and along the axial dimension. The microscope in Fig. 7 provides en face images with a 210 μm × 280 μm field of view, ∼2 μm lateral resolution, and ∼8 μm axial resolution in a single shot. The high photon degeneracy shortens the integration times to 100 μs, and increases the 2D frame rates to above 1 kHz. The interferometric detection also recovers the phase of the optical field, which can be used to estimate the height of sub-resolution axial features. The coherent noise from a highly scattering sample is strongly suppressed by the low spatial coherence illumination 88 . The ultrahigh-speed, full-field holographic confocal microscopy has been applied to in vivo quantitative studies of microscale physiology 89 . 
Bi-modal imaging
While a speckle-free wide-field image provides the structural information of an object, the speckle formed by random scattering of coherent light carries additional information about the motion of the object. For example, dynamic scatterers in a biological sample, such as moving blood cells, induce phase shifts in the scattered light, causing temporal changes in the speckle pattern. Such changes can be used to map the blood flow in living tissue by a technique called laser speckle contrast imaging 90 .
To obtain both anatomical and functional information on living tissue, bimodal imaging is explored, e.g., to combine laser speckle contrast microscopy for mapping neural blood flow and an intrinsic signal optical imaging for monitoring tissue oxygenation. This is achieved by using two separate illumination sources, a laser and a LED, and switching rapidly between them 91 . However, a single illumination source with tunable spatial coherence but constant power would be desirable for such applications. While the spatial coherence of a LED could be increased by spatial filtering, the power would be greatly reduced. The best scenario is to tune the spatial coherence of a laser such as the degenerate cavity laser with little power loss 66, 67 . An electricallypumped semiconductor-based degenerate VECSEL (vertical external cavity surface emitting laser) with continuous wave (CW) emission was developed for imaging embryo heart function in a Xenopus, an important animal model of heart disease 63 . The low-spatial-coherence illumination is used for high-speed (100 frames per second) speckle-free imaging of the dynamic heart structure, and the high-spatial-coherence illumination for laser speckle contrast imaging of the blood flow.
Laser wavefront shaping
A degenerate laser supports a large number of transverse modes with almost identical frequencies but different spatial wavefronts. These modes can be superposed to produce arbitrary output beam profiles. This property is useful for beam shaping optics, which becomes a key technology for the applications of high power lasers to materials processing and device fabrications 92 . External reshaping of a laser beam (outside of the laser cavity) to a desired transverse profile has been implemented by a variety of methods including diffractive optical elements, free-form optics or digital holography with a spatial light modulator (SLM). For example, an aspheric or diffractive beam shaper transforms a Gaussian intensity profile of a single-mode laser beam to a flat-top beam. However, a multimode degenerate laser can directly generate an output beam with flat-top profile 93 . In fact, any beam profile can be produced by inserting an amplitude mask inside a degenerate cavity close to the output coupler or the end mirror.
Due to diffraction, the beam profile changes during propagation. By manipulating the spatial coherence, the variation of the beam profile with propagation distance can be controlled 94 . In the 4f degenerate cavity (Fig. 5) , direct access to both the real space and the Fourier space of the lasing modes enables simultaneous control of the beam profile and the spatial coherence. Shaped beams with tailored spatial coherence can be obtained by applying an amplitude mask near one of the mirrors and a Fourier mask in the mutual focal plane of the two lenses 95 . If the Fourier mask is a circular aperture, decreasing the aperture diameter removes the components with a large transverse wave vector. The output beam experiences less diffraction upon propagation, but the minimal feature size of its spatial profile is increased. To produce a shaped beam that is propagation invariant, the Fourier mask should be an annual aperture (see Fig. 8a ) so the spatial coherence function of the emission becomes a Bessel function. The output beam, regardless of its transverse profile (which is set by an amplitude mask inside the degenerate cavity), can propagate over a long distance with minimal diffraction, as shown in Fig. 8b . Furthermore, multi-tasking geometric phase metasurfaces can be incorporated into a modified degenerate cavity laser as an output coupler to efficiently generate spin-dependent twisted light beams of different topologies 97 .
In addition to shaping the output beam, the intracavity wavefront of the laser light can be tailored for penetrating through a random scattering medium, which is placed inside a degenerate cavity 96 . Focusing of light scattered by a rapidly varying disordered sample at sub-microsecond timescales has been realized without requiring a computer-controlled SLM or electronic feedback. As shown in Fig. 8c , by inserting a pinhole in the mutual focal plane of the two lenses in the degenerate cavity, the lasing state finds a complex wavefront that focuses the maximum power to the pinhole in order to minimize the loss. This approach relies on the self-organization of the optical field inside the degenerate cavity to create an optimal wavefront that forms a sharp focus from the otherwise randomly scattered light. This wavefront effectively compensates the effect of scattering induced by the random medium. Such wavefront shaping is achieved by all optical feedback, and is therefore orders of magnitude faster than all other wavefront shaping techniques.
Conclusions and outlook
In contrast to traditional laser resonators with relatively simple configurations, the lasers covered in this technical review employ complex structures and geometries. In spite of their differences, these unconventional lasers all possess a large number of spatial degrees of freedom. Thus they can display rich behaviors and novel properties that are absent for conventional lasers. By tailoring 
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. the spatial structures of lasing modes, nonlinear modal interactions via the gain material can be controlled. Consequently, the number of lasing modes and the spatial coherence of emission can be tuned over a wide range. Furthermore, the output beams can have arbitrary profile and topology. These complex lasers enable new applications, such as high-speed speckle-free imaging, spatial coherence gating and focusing through scattering media. The different types of lasers reviewed here each have unique properties and are suitable for various applications with specific demands.
Complex lasers also have additional advantages over traditional lasers. The wave-chaotic microcavity lasers, as well as the random lasers, can suppress spatio-temporal instabilities and chaotic dynamics that are common for high-power lasers 98 . Complex wave interference effects in these systems disrupt nonlinear processes that form self-organized structures such as filaments, resulting in stable lasing dynamics. In a multimode fiber laser, spatio-temporal mode-locking is achieved 99 , paving the way for full control of the spatio-temporal coherence.
The "passive" schemes of manipulating laser performance via cavity geometry and internal structure may be combined with the "active" control with gain and/or loss 100 . Adaptive shaping of the spatial distribution of the pump intensity enables not only single-mode lasing at any selected wavelength 101, 102 , but also switching of emission directions 103, 104 . A symmetric arrangement of gain and loss in a microcavity (Parity-Time symmetry) results in stable single-mode operation 105, 106 . Optical loss can induce suppression and revival of lasing in the vicinity of an exceptional point 107, 108 .
Since a complex laser has numerous degrees of freedom, it may be used for reservoir computing 109 . The self-adaptive nature of a highly multimode laser is exploited for rapid phase retrieval 110 . Imposing constraints in a digital degenerate cavity laser breaks the degeneracy between the transverse modes, and forces the system to find a lasing state with minimal loss. In this manner, the complex lasers can be mapped to hard computational problems and used as physical simulators 111 .
To conclude, the study of complex lasers bridges multiple disciplines including mesoscopic physics, nonlinear dynamics, quantum optics, wave-dynamical chaos, and non-Hermitian physics. Thanks to their diversity and versatility, such lasers constitute a toolbox for various applications, allowing application-driven laser design. This article reviews only one particular perspective, however, it hints at the enormous and largely unexplored potential of these systems.
